Three genetically defined Actinobacillus pleuropneumoniae serotype 7 mutants with deletions in the small (tbpB), the large (tbpA), and both transferrin binding protein genes were constructed and examined in an aerosol infection model. Neither mutant caused clinical disease or could be reisolated, and no immune response could be detected 21 days after infection. This result clearly implies that each transferrin binding protein on its own is a virulence factor of A. pleuropneumoniae serotype 7. ß
Introduction
Actinobacillus pleuropneumoniae is the etiologic agent of porcine pleuropneumonia, a highly infectious disease of fattening pigs occurring worldwide [1] . A major problem with A. pleuropneumoniae disease prevention is the occurrence of carrier animals even after vaccination [1, 2] . The development of a live vaccine would likely solve this problem, as natural A. pleuropneumoniae infection can prevent colonization upon re-infection and has been shown to provide cross-serotype immunity [3] .
Under iron limiting conditions, A. pleuropneumoniae, like other members of the families Neisseriaceae and Pasteurellaceae, expresses two transferrin binding proteins, TpbB (approx. 60 kDa) and TbpA (approx. 110 kDa), enabling the organism to utilize porcine transferrin as the sole source of iron. Transferrin binding proteins have long been known to be important for bacterial virulence [4] , but their role in infection is still not fully understood. For Neisseria spp. it is known that, in vitro, only the TbpA protein is required for utilization of transferrin whereas the TbpB protein shows di¡erent a⁄nities to ironsaturated and apo-transferrin [5, 6] . The A. pleuropneumoniae TbpB protein also shows selective binding for ironsaturated transferrin [7] and, in addition, confers a protective immune response [8] . Other iron scavenging mechanisms of A. pleuropneumoniae include the extraction of iron from haem [9] as well as the utilization of exogenous siderophores; additionally, some A. pleuropneumoniae serotypes produce a yet uncharacterized siderophore [10] . A ferric uptake system, afuABC, has been cloned and sequenced and is able to complement an Enterochelin de¢-cient Escherichia coli aroB mutant [11] . For the development of an attenuated live vaccine, transferrin binding proteins are a rational target because an impairment of iron uptake mechanisms is likely to reduce virulence. Thus, we recently showed that an A. pleuropneumoniae exbB mutant was unable to cause infection [12] , and for Neisseria gonorrhoeae it was demonstrated that a mutant lacking both TbpB and TbpA expression was avirulent in a human infection model [13] . As a vaccine strain should be easily distinguishable from the wild-type by phenotypic means and, in addition, should be limited with respect to shedding, a previously constructed urease negative A. pleuropneumoniae strain [14] seemed desirable as the recipient. Urease de¢cient A. pleuropneumoniae strains had been shown to exhibit decreased persistence in healthy lung tissue while maintaining virulence in acute infection [12,15].
Materials and methods
A single step transconjugation system based on a shuttle vector containing a kan R^s acB gene cassette [14] was used to introduce deletions into A. pleuropneumoniae vurel. A. pleuropneumoniae vtbpB and A. pleuropneumoniae vtbpA were constructed by homologous recombination upon the introduction of plasmids pTF205EM302 and pTF205mut400 (Table 1) , respectively, using diaminopimelic acid auxotrophic E. coli L2155 as the donor for conjugation into A. pleuropneumoniae vureC. Kanamycin resistant colonies were screened for the presence of the introduced gene fragment via PCR, and positive clones were subjected to counterselection on sucrose, as previously described [14] . The strain A. pleuropneumoniae vtbpBA was constructed accordingly, using A. pleuropneumoniae vtbpA as the parent strain. Mutants were con¢rmed by PCR and subsequent nucleotide sequence analyses (Table 1 , Fig. 1A ), and by Southern blotting (Fig.  1B) . Expression of a truncated TbpB protein was shown by Western blotting (Fig. 1C) , and the retained ability of A. pleuropneumoniae vtbpB to utilize transferrin-bound iron was demonstrated in a plate bioassay performed as previously described [16] (Fig. 1D ). Virulence and immunogenic properties of the isogenic mutants and the urease negative parent strain were assessed in an aerosol infection model previously described [12, 17] , using 32 A. pleuropneumoniae sero-negative outbred pigs of 7^9 weeks of age. Pigs were randomly assigned to four groups and cared for in accordance with the principles outlined in the European Convention for the Protection of Vertebrate Animals Used for Experimental and Other Scienti¢c Purposes (ETS123).
Results and discussion
In the work presented, we constructed de¢ned A. pleuropneumoniae tbpB and tbpA mutants as well as an A. pleuropneumoniae tbpBA mutant. In order to avoid polar effects, and since the TbpB protein is known to be a protective antigen, an in-frame mutation was constructed which abolished transferrin binding activity while maintaining antigenicity. The results of clinical evaluation, serology, and post mortem analysis 21 days after challenge clearly demonstrated a complete lack of virulence of all three A. pleuropneumoniae tbp mutants (Table 2) . It appears that the tbp mutants are unable to colonize the porcine lung su⁄ciently long to induce a detectable immune response. The lack of virulence in A. pleuropneumoniae (Fig. 1D ) and in Neisseria spp. [6, 18] . The lack of virulence of A. pleuropneumoniae vtbpB was unexpected, as it was shown that this strain was still able to utilize transferrin-bound iron in vitro (Fig.  1D) . One explanation could be the fact that only TbpB proteins from A. pleuropneumoniae and Neisseria spp. selectively bind iron-saturated transferrin [5, 19] whereas this selectivity is not seen in the TbpA proteins of these species. Also, it could be argued that the avirulence of this mutant is due to a synergistic e¡ect between the tbpB and ureC deletions. However, this does not seem probable, as virulence seems to be largely una¡ected by the absence of urease alone [12, 15] . More likely, it could be hypothesized that, in the in vivo situation, the transferrin-dependent iron acquisition system is inactivated by apotransferrin in the absence of the TbpB protein. Alternatively, the TbpB protein might be responsible for the interference with the host transferrin^iron metabolism recently described for Neisseria spp. [20] , thereby inducing a decrease of host immune response which in turn might be required to facilitate colonization. a The solid phase antigen (outer membrane and periplasma) was prepared by detergent wash as described previously [25] , and the number given is reciprocal to the arithmetic means of the highest serum dilutions resulting in an optical density twice as high as the negative control serum at a dilution of 1:10. b A recombinant ApxIIA protein was used as solid phase antigen and the number given is the arithmetic mean of the serum activity (in ELISA units) as previously described [26] . c One animal was euthanized on day 4 post infection due to severe respiratory symptoms, a second animal died from circulatory failure following anesthesia 7 days post infection. d The lung lesion score was determined as described by Hannan et al. [17] . e In tonsil cultures A. pleuropneumoniae was likely to be masked frequently by the heavy load of concomitant bacterial growth.
